The insulin receptor (IR) and the type-1 insulin-like growth factor receptor (IGF1R) are homologous multidomain proteins that bind insulin and IGF with differing specificity. Here we report the crystal structure of the first three domains (L1-CR-L2) of human IR at 2.3 Å resolution and compare it with the previously determined structure of the corresponding fragment of IGF1R. The most important differences seen between the two receptors are in the two regions governing ligand specificity. The first is at the corner of the ligand-binding surface of the L1 domain, where the side chain of F39 in IR forms part of the ligand binding surface involving the second (central) ␤-sheet. This is very different to the location of its counterpart in IGF1R, S35, which is not involved in ligand binding. The second major difference is in the sixth module of the CR domain, where IR contains a larger loop that protrudes further into the ligand-binding pocket. This module, which governs IGF1-binding specificity, shows negligible sequence identity, significantly more ␣-helix, an additional disulfide bond, and opposite electrostatic potential compared to that of the IGF1R.
T
he insulin receptor (IR), like the type-1 insulin-like growth factor receptor (IGF1R), is a member of the receptor tyrosine kinase family, and is a large, transmembrane, glycoprotein dimer consisting of several structural domains (1, 2) . The N-terminal half of the ectodomain contains two leucine-rich repeat domains (L1 and L2) separated by a cys-rich region (CR) (1, 3) . The C-terminal half of the IR ectodomain consists of three fibronectin type III domains, the second of which contains an insert region of Ϸ120 residues (1, 2) .
Although there is no high-resolution structural information available for the IR ectodomain, the three-dimensional structure is known for the first three domains (L1-CR-L2) of the closely related IGF1R (4) . This structure has provided a framework to interpret previous studies on receptor chimeras, site-specific mutants, and mutants from patients with defective receptors (see refs. 1 and 2) and has guided subsequent studies on the insulin-binding site using mutational analysis (5, 6) . Three regions of the ectodomain are known to be involved in low-affinity binding by the soluble IR ectodomain. These are the L1 domain, the CR region and the last 16 residues of the ␣-chain (see refs. 1 and 7). Of these, only the first two (L1 and the CR) are important determinants of ligand specificity, because IR͞IGF1R chimeras of whole receptors (8) or minireceptors (9) are little affected by swapping the regions that contained the last 16 residues of the ␣-chain.
The major determinants in L1 for insulin binding specificity lie in the first 68 residues of this domain (10, 11) , based on the analysis of receptor chimeras. Twelve residues in this N-terminal segment have been further confirmed as part of the ligand-binding region by site-specific mutagenesis (see Table 1 ). Surprisingly, nine of these 12 residues are conserved in the IGF1R, the exceptions being Q34͞H30 (IR͞IGF1R numbering), M38͞I34, and F39͞S35 (Table  1) , and one of these, F39, has been reported to be a major contributor to insulin specificity in IR (19) . However, homology modeling of the IR L1 domain, based on the IGF1R structure, does not place F39 in the ligand-binding surface. The equivalent residue in IGF1R, S35, is at the C-terminal end of the second strand in the third ␤-sheet, which is at right angles to the second ␤-sheet (the major ligand-binding surface of the L1 domain of IGF1R) and thus outside the putative ligand-binding pocket lined by the L1, CR, and L2 domains (4) . Interestingly, F39 was not investigated in subsequent studies of IR binding (6) , presumably because the homology models based on the IGF1R structure suggested F39 was not part of the L1 ligand-binding surface.
The structure of the L1-CR-L2 fragment from IR (IR485) reported here reveals that there is a major difference in the structures of the L1 domains of the IR and IGF1R in the region involving the second and third ␤-strands of the second leucine-rich repeat and indicates how F39 contributes to insulin specificity. The data also show that there is a major difference in the structure and electrostatics of the sixth module of the CR domain, the major determinant of IGF1-binding specificity (10, 20) . The data in this report allow direct comparison of the regions controlling ligand specificity in these two closely related receptors.
Results and Discussion
Overall Structure. The truncated IR485 comprises the L1, CR, and L2 domains (residues 1-469) plus the next 16 residues that include part of the first Fn III module. Like the L1-CR-L2 fragment of IGF1R (21), IR485 also does not bind ligand (data not shown) as reported by three other groups (22) (23) (24) . Unlike IGF1R462, the IR485 crystals contain two receptor molecules in the unit cell, whose structures are very similar to each other but not identical. The comparative structures are shown in Fig. 1 and the amino acid sequences and secondary structural assignments in Fig. 2 . Residues 470-485 at the C terminus of the fragment, immediately after the end of the L2 domain, are disordered in both copies of IR485 in the crystal. As shown in Fig. 1 , the IR fragment adopts an extended bilobal structure (40 ϫ 49 ϫ 110 Å), very similar to that seen for the corresponding IGF1R462 fragment. N-linked carbohydrate can be seen at eight of the 10 potential sites in the L1-CR-L2 fragment (residues 16, 25, and 111, but not 78 in L1; 215 and 255 but not 295 in CR; 337, 397, and 418 in the L2). Some additional uninterpretable electron density was present in the vicinity of N295. This finding is consistent with chemical analyses which have shown that only N78 is not glycosylated (L. G. Sparrow, J. J. Gorman, P. M. Strike, C. P. Robinson, N.M.M, and C.W.W., unpublished data).
The most notable differences in the overall structure are the relative orientations of the L2 domains, which are rotated 17°( molecule 1) and 32°(molecule 2) relative to the L1 domain of IGF1R462 and 32°between IR molecules 1 and 2 ( Fig. 1) . The majority of this movement occurs at residue 303 (293 in IGF1R), with a slight difference between modules 3 and 4. Although crystal packing appears responsible for the relative orientations observed here, the structures do reveal that the L2 domain is capable of global movement with respect to the L1-CR domains as suggested (4). Domain Comparisons. The largest differences seen in the individual domain comparisons of IR and IGF1R are in the two regions governing ligand specificity, the left side of the ligand-binding surface of the L1 domain as viewed in Fig. 3 , and the sixth module of the CR domain (Figs. 1 and 4) . The comparative backbone structures of the L1 domains of IR and IGF1R generally follow each other closely owing to their high (70%) sequence identity (rmsd for C ␣ atoms of IR-1 and IGF1R is 1.2 Å; and for IR-2 and IGF1R is 1.3 Å). There is a major difference between the structures of IR residues 39-48 and the equivalent sequence in IGF1R (residues [35] [36] [37] [38] [39] [40] [41] [42] in the second leucine-rich repeat of the L1 domain (Fig. 3) , with the largest C ␣ deviations being Ͼ4 Å. A striking feature is the disposition of the side chain of IR F39, which can be seen to contribute to the ligand-binding surface (second ␤-sheet) of L1. This finding is in contrast to the corresponding residue, S35, at the end of the third ␤-sheet of IGF1R, whose side chain extends in an orthogonal direction to that of IR F39 (Fig. 3) and is thus in a position that is unlikely to contribute to low-affinity ligand binding by the soluble ectodomain. As shown in Fig. 2 , the IR sequence also has an insert of two amino acids in the region K40-P43 compared to IGF1R. F39, and to a lesser extent R42 and P43, have been shown to be the key residues responsible for the increased insulin binding of IR͞IGF1R chimeras and this RP insert and the larger side chain at residue 39 are additive in increasing insulin affinity (19) . The importance of F39 in insulin binding is further indicated by the data in Table 1 . In the region that governs specificity (first 68 residues of L1), five of the seven most important residues for insulin binding to IR are conserved in the IGF1R and thus not responsible for this specificity difference. The two exceptions are Q34 and F39, the importance of the latter being confirmed by site-specific mutagenesis analyses (14) .
Other differences in L1 involve the insertion of G4 at the start of the L1 domain in IGF1R (Figs. 1 and 2) causing P5 in that structure to extend further (C ␣ deviation of 2.7 Å) into the central ligandbinding cavity than does P9 in the IR-1 and IR-2 structures. The contribution, if any, of this difference to receptor binding specificity is not known. There is also a backbone deviation around N152 (4.1 Å) at the end of the L1 domain, a region of IR that also contains a single residue insertion compared to IGF1R (see Fig. 2 ).
The largest difference in the two structures is seen in the CR domain (sequence identity 47%), which governs IGF specificity (10, 20) through its interaction with the C-and D-domains of IGF (27) . The backbones of the third, fourth, and fifth modules in IR-1 and IGF1R structures follow each other quite closely, whereas the backbones of the other modules deviate significantly. The largest difference is seen in module 6 in the region 260-276, corresponding to 253-265 in IGF1R (Fig. 2) . Here, there is no sequence identity between the two receptors, and IR contains a four-residue insertion and an extra disulfide bond (Fig. 2) . Although the size of the insertion is modest, the new sequence forms an ␣-helix that extends further into the putative binding pocket (see Fig. 1 ) with the structure being maintained by the additional disulfide bond.
In addition to these structural differences ( Figs. 1 and 2 ), CR module 6 of IR shows very different electrostatic surface potential to IGF1R (Fig. 4) , reflecting the abundance of positively charged residues in the IR sequence compared to the acidic residues in the corresponding region of IGF1R (Fig. 2) . The electrostatic potential of the CR domain of IR is predominantly positive, whereas that of IGF1R is overwhelmingly negative. The electronegative characteristics of the CR domain of IGF1R are complementarity to the electropositive nature of the C-and D-domains of IGF1 (R36, R37 in C and K65, K68 in D). The CR domain is the region in the receptor known to be important in governing IGF-binding specificity (10, 20) and is the region shown to be particularly responsible for the recognition of IGF1 residues R36 and R37 (27) . Furthermore, alanine substitution of R36 and R37 leads not only to a 15-fold loss in binding potency for the IGF1R, but also to a 29-fold increase in binding potency to the IR (27) , consistent with the electrostatic differences discussed above.
In contrast to the differences seen between the L1 and CR domain structures in the two receptors, the L2 domains of IR and IGF1R are very similar. There are no insertions or deletions in the L2 domain of IR relative to IGF1R (Fig. 2) , and the sequence identity for the L2 domains is high (65%). Consequently, the backbones of the L2 domains of IR-1 (0.9 Å) and IR-2 (0.8 Å) superimpose on the L2 domain of IGF1R better than do the L1 domain comparisons.
Ligand Binding Region of L1. The central (second) ␤-sheet of the L1 domain is a major contributor to ligand binding, based on studies of naturally occurring receptor mutants and receptors subjected to alanine scanning mutagenesis ( Table 1) . Most of the mutant receptors from patients with defects in insulin binding (13, 18) have mutations in this face. Similarly, of the 47 single site and six double site IR alanine mutations, the 14 mutations with defects in insulin binding (14) were all in this central ␤-sheet. The location of these key residues on the L1-binding face of IR are shown in Fig. 5D .
As illustrated in Fig. 5 , the characteristic feature of this L1 face is a large hydrophobic patch with a cavity at the center, formed by (Fig. 5B) . Clearly, this cavity can bind hydrophobic residues, and two instances of this phenomenon have been observed. In the structure of IGF1R (4), two residues (L and I) from the c-myc purification tag sit in the L1 cavity on an adjacent molecule, and in this study, the side-chain of F89 in IR-2 is swung out and sits in the cavity of IR-1. The hydrophobic patch is ringed by hydrophilic amino acids and, notably, charged residues, some of which are particularly important for insulin binding (Fig. 5D) . This L1 surface is highly conserved in IRs and is the largest conserved patch of surface in the L1-CR-L2 fragment in vertebrates (Fig. 5E) . The most important residues for insulin binding in both the A and B isoforms of human IR are R14, N15, and F64, which, when replaced by alanine, resulted in receptors with negligible insulin binding ability ( Table 1 ). The next most important set of L1 residues are L37 (20-fold reduction), F39 (10-to 25-fold), and I13, Q34 and K121 (all 11-to 12-fold) followed by D12, L36, L87, E97, and N90 (6-to 9-fold reduction in affinity). Other residues F89, Y91, M38, E44, E120, Y67, and F88 showed reductions in affinity ranging from 3-to 5-fold ( Table 1 ). The mutation L87I increased binding four-fold (29) , whereas the F89 to L, I, S, P, W, or H mutations all abolished insulin binding (30) . As shown in Table 1 , the seven most important residues for insulin binding, I13, R14, N15, Q34, L37, F39, and F64, plus five of the less important ones (D12, L36, M38, E44, and Y67), occur in the first 68 residues of IR, the region found to confer insulin binding specificity in IR͞IGF1R chimeras (10, 11, 19) . The distribution of these residues over the central (second) ␤-sheet of the L1 domain of IR is shown in Fig. 5D and can be seen to be a subset of the highly conserved residues found in the vertebrate IRs (Fig. 5E ).
Q34, L36, L62, F64, F88, F89, V94, F96, R118, and E120

Docking of Insulin on the L1 Domain.
A possible model for the L1 domain-insulin interaction is shown in Fig. 5D and is based on fitting a hydrophobic surface of insulin, the classical surface or site 1 (31) (Fig. 5C ), onto the hydrophobic patch of the receptor described above. In the model presented here, we have represented insulin in the R-state (where the B-chain helix extends from B1 to B19), the more active conformation suggested to be adopted by insulin on binding to the receptor (32, 33) . In addition, we have truncated the B-chain after residue E21, given the mobility of the B-chain C terminus back to residue G20 (34-36), the increased binding affinity of B-chain despenta-amide insulins (31), the lack of chiral specificity at residue B24 (37) , and the low activity of the singlechain, B29-A1 peptide-linked insulin despite its ''near native'' crystal structure (38) . Rotating the B-chain C-terminal peptide (B21-B30) away from its close contact with residues A1 and A2 exposes the hydrophobic surface comprised of A1-A3, A19-B20, B11-B12, B15, and B19 (31, 35, 36, 39) . From the shape and size of these hydrophobic surfaces on the L1 face and the insulin dimer surface and a potential interaction of residue A21 terminal carboxylate with IR R14, our favored orientation is with the B-chain helix running along the length of L1 from Table 1 ). The potential location of bound insulin is depicted in white, with residues B1-B8 dotted, A1-A20, and B9 -B21 as a thin trace and an arrow to indicate the approximate position of residues B22-B30. The view direction is the same direction as in B, and part of the Cys-rich domain trace is in purple. (E) Surface conservation based on sequence alignment of vertebrate insulin receptors. The most conserved surface region in the L1-CR-L2 fragment is the putative ligand-binding site on L1, with strictly conserved residues colored yellow. Thirteen sequences were used from mammals, birds, amphibians, and fish (NCBI accession nos. P06213, AAR04440, P15208, P15127, XP542108, XP418250, Q9PVZ4, XP690534, XP691069, BAB836677, BAB83668, CAG083667, and CAG08022). View as in B.
the bottom to the top, as viewed in Fig. 5D . The now-exposed A-chain N-terminal residues G1-V3 are placed up against residues F88 and F89, which are in the hydrophobic loop in the fourth LRR rung at the left hand edge of the L1 binding face (see Figs. 1, 2 , and 5). The critical insulin residue Y19 in the A-chain (40, 41) could rotate into the top end of the central hydrophobic cavity. Other key residues used to position insulin in the model are the B-chain residues V12 and Y16, the contiguous residues from the B-chain helix, and F24 (40, (42) (43) (44) . Photoactivatable derivatives of the B-chain residues Y16 and F24 have been shown to cross-link to the L1 domain of IR, whereas V12 could not be modified without destroying its receptor-binding ability (39, 43, 45) . In this model, each of these three residues contacts the L1 binding face. The B-chain residue V12 is buried in the interface and sits directly over F64 and the lower end of R65, with F96 underneath and L37 above, whereas Y16 of insulin sits directly between L37 and F39, two of the residues that are highly sensitive to Ala substitution ( Table 1 ). The residue equivalent to the B-chain Y16 in IGF is Q15, and it is interesting to note that swapping IGF1 residues Q15 and F16 with their counterparts Y16 and L17 from insulin's B-chain, increased the IR binding of the mutant IGF1 10-fold but had no effect on its binding affinity for IGF1R (46) .
Although it is not shown in the model, the mobile C-terminal tail of the insulin B-chain (residues 21-30) is envisaged to have moved away from the core of the ligand as indicated in Fig. 5D (see ref. 34 ). This movement places the B-chain F24 in a position where it can still contact the top rungs of the L1 binding face to which it can be cross-linked (39); it places B25 in an exposed position to interact with the IR ␣-chain C-terminal 16 aa to which it can be cross-linked (42) and has K29 extending over to the cleft between L1 and CR, a position consistent with the ability to label either of these receptor regions depending on the nature of the K29 side-chain derivative (reviewed in ref. 1). Finally, in the model described, the A-chain residues V3 and T8, derivatives of which, like F25, can be crosslinked to the 13 kDa C-terminal fragment of the IR ␣-chain, are positioned on the bottom left surface of insulin (Fig. 5E ) in a semiexposed position but well away from F25. This finding supports the suggestion (36, 47) that the A-chain residues V3 and T8 may contact a region of the insert domain that is peripheral to the critical site involved in contacting the B-chain residue F25. Such disparate contact points by the IR insert domain are possible given that it appears to be intrinsically disordered based on predictions with the DisProt web server (48) . Such an orientation of insulin on the L1 surface results in L17 (B-chain) and L13 (A-chain) (31) and other residues from the hexamer face, the so-called second binding region (7), being positioned where they can readily interact with other parts of the receptor dimer and induce IR signaling. The hydrophobic patch on IR is ringed with charged residues as is the hydrophobic patch on insulin. A number of these hydrophilic residues, E4 and N21 (A-chain) and E13 (B-chain), on the periphery of the insulin hydrophobic patch could form favorable interactions with R118, Q34, and R65 on the IR L1-binding surface and the A chain N terminus could salt link to E120.
In the model described above for insulin binding, hydrophobic interactions contribute a major portion of the ligand-receptor binding energy. However, as discussed earlier with IGF1 binding to the IGF1R, electrostatic complementarity between the electropositive C-domain and the electronegative sixth module of the CR domain would have an additional orientational effect for binding in the IGF1͞IGF1R complex. Binding of insulin to the insulin receptor appears to be less electrostatically driven.
Conclusion
Here, we have described atomic resolution details of the ligandbinding surface of the human insulin receptor and compared it with the corresponding surface of IGF1R (4). We report some key differences that are not readily discerned from homology models based on the IGF1R structure and provide detailed descriptions of the regions in the two receptors responsible for ligand specificity. Finally, we present a preliminary model for the way in which insulin might bind the L1-CR-L2 domain fragment. Our orientation for insulin differs substantially from that proposed by Yip and Ottensmeyer (49) based on a three-dimensional reconstruction of Ϸ700 images selected from scanning transmission electron micrographs. High-resolution structural data are needed to resolve these different models, establish the structural role for the C-terminal region of the ␣-chain (residues 704-715) in ligand binding, and describe the ligand-receptor interactions that generate the high-affinity complex.
Materials and Methods
Construction of the IR485 Expression Vector, Transfection, Protein Production and Purification. The construction of the expression plasmid pEE14͞IR485 with its c-myc tag, its transfection into Lec8 mutant CHO cells, the production of IR485 in a Celligen Plus bioreactor (New Brunswick Scientific, Edison, NJ), the recovery of soluble IR485 by affinity chromatography on Mab 9E10 columns followed by gel filtration on Superdex 200 HR (Amersham Pharmacia, Uppsala, Sweden), and subsequent chromatography using Uno QP anion exchange column are described in the Supporting Materials and Methods, which is published as supporting information on the PNAS web site, as is the analysis of IR485 by isoelectric focusing polyacrylamide gel electrophoresis and its subsequent treatment with endoproteinase Asp-N (Boehringer, Mannheim, Germany) to yield a stable isoform (the most basic isoform, pI Ϸ 7.0) lacking the c-myc tail. As has been reported (22) (23) (24) , the IR485 fragment did not bind insulin (data not shown).
Crystallization and Data Collection. Crystallization trials were performed with a factorial screen (50) using the hanging drop method. Initially, small rod-shaped crystals grew within 4-5 days, which diffracted to Ϸ4 Å. Further crystallization trials using seeding led to the production of large-sized crystals (0.7 mm ϫ 0.1 mm ϫ 0.1 mm) that diffracted to 3.3 Å in the laboratory and 2.3 Å at the synchrotron. The best crystallization conditions were 1.5-1.65 M (NH4) 2 SO 4 , 2% PEG 400, pH 8.5. Crystals were cryo-cooled to Ϫ170°C in 20% PEG, 20% glycerol. Diffraction data to 3.31 Å resolution were initially recorded as 130 1°exposures on a Rigaku RAXIS IV area detector using RU-300 Rigaku (Tokyo, Japan) generator (Cu K ␣ radiation) equipped with ellipsoidal glass capillary optics (AXCO, Parkville, Victoria, Australia). Data were integrated and scaled by using DENZO͞SCALEPACK (51) giving mosaic spread 0.37°, R sym ϭ 0.211, ͗I͞I͘ ϭ 5.3, multiplicity 4.6, completeness 99.9%. A second set of diffraction data were recorded to 2.3-Å resolution using a Mar 345 detector at the Advanced Photon Source (APS) beamline 14-BM-D (wavelength 1.037 Å) and integrated in a similar manner, with 116 0.75°e xposures, mosaic spread 0.27°, R sym ϭ 0.072, ͗I͞I͘ ϭ 12.0, multiplicity 3.4, completeness 98%. The space group is P2 1 2 1 2 1 with unit cell dimensions a ϭ 103.86 Å, b ϭ 130.24 Å, c ϭ 160.92 Å. From the apparent molecular mass of 68 kDa per monomer, there could be two, three, or four molecules per asymmetric unit, with a solvent content of 69%, 54%, or 38%, respectively.
Structure Solution and Refinement. The structure was solved by molecular replacement with AMORE using data (8-4 Å resolution) from the initial data set and the structure of IGF1R 1-300 (L1-CR) and 301-459 (L2) as search models. For L1-CR, solutions corresponded to the two highest peaks from translation functions. Using these solutions, one solution was found for L2 and a second L2 domain was placed by inspection from electron density maps. Four rigid bodies were refined with X-Plor (52), giving R ϭ 0.462 for data 10-4 Å resolution. Despite the low predicted protein content of the crystals (31%, V M ϭ 4.0), electron density was only observed for two molecules of IR485 per asymmetric unit. With data from the APS, structure refinement proceeded with rounds of manual refitting with O (53), alternated with energy minimization, B factor refinement, and sometimes simulated annealing using X-Plor, CNS (54) , and REFMAC (55) . The resolution was extended in a stepwise manner, and a bulk solvent correction and overall anisotropic thermal parameters were applied. The final model contains 931 aa, 40 carbohydrate residues, one PEG 400 molecule, and 262 solvent molecules, giving R ϭ 0.194, R free ϭ 0.235 for data 40-2.317 Å and deviations from ideal geometry of 0.017 Å (bonds) and 1.81°(angles). For residues 1-3 of both molecules and 270-273 from IR-2, the electron density is unclear and there is no density for residues beyond residues 468 in IR-1or 469 in IR-2. Atomic coordinates and structure factors have been deposited in the Protein Data Bank (PDB ID code 2HR7).
Calculation of Electrostatic Potential. The electrostatic potential was calculated and mapped on to the molecular surface of each of the structures IGF1R and IR-1 by using PARSE charges (56) for each atom, and performed with the GRASP version 1.6 program (28), which computes the electrostatic potentials in a continuum representation of the electrostatics by numerically solving the finite difference Poisson-Boltzmann equation.
Docking of Insulin on the L1 Domain. Crosslinking, mutational, and structural studies imply that as much as 30% of insulin's main chain undergoes substantial structural rearrangements upon binding to the receptor. Therefore, a modified insulin model was docked onto the insulin receptor fragment manually by using steric and electrostatic constraints, together with the experimental observations (see Discussion). Coordinates for insulin were based on PDB:4INS with residues B1-B9 from PDB:7INS. The only additional modifications were minor rotations of residues A21 and B1, and change in rotamer for B19 to place it in the receptor's hydrophobic pocket. For the receptor, the only change made was a rotation of the F64 side chain into the hydrophobic pocket with a concomitant rotation of the F96 phenyl group. Further small modifications could be made to side chain conformation to marginally improve the fit, but this was beyond the scope of this work. The estimated error is Ϯ2 Å and Ϯ10°. For the docked insulin, the total buried accessible surface area is 965 Å 2 for insulin and 960 Å 2 for the receptor. Combining this docking with the putative assignment of domains in the EM reconstruction of whole IR dimers (49) , insulin would present a second hydrophobic face (site 2, centered on leucines A16 and B11) toward the hydrophobic patch of the dimer-related L1 domain. Insulin's site 2 is concave in the R state, and this cleft could be occupied, potentially, by the side chains of F88 and F89 of the other receptor. However, there is no direct evidence for this contact, because mutation studies would be confounded by interactions at the classical binding site (site 1).
